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TECHNICAL NOTE NO, 1112

ANATLYSIS OF PROPELLER EFFICIENCY LOSSES ASSOCIATED
WITH HEATED-AIR THERMAL DE-ICING
By Bleke W. Corson, Jr. and Julian D. Maynard

SUMMARY

An analysis is made of the loss pof efficiency
associated with a heated-air thermal ‘de-icing propeller
both with and without internal flow. For the available
data, measured efficiency losses are compared with the
calculated losses and the agreement is found to be within
the experimental accuracy of the data. The method pre-
sented may be used with reasonable accuracy to determine
the net change 1n propeller efficiency due to the com=-
bined effects of the nozzle and internal flow if the
characteristics of the propeller without nozzles are
known.

INTRODUCTION

The problem of ice removal from an elrcraft propeller
in flight has been partly solved by each of several
methods of propeller de-~-icing. These methods lnclude
the applicatlon of anti-icing pastes to the propeller
blades, the dissolution of ice by alcohol or antifreeze
fed to the blades by slinger ring and boots, the melting
of ice from the blades by the use of electrically heated
boots, and the melting of 1ce from the blades by heated-
air thermal de-icing. By the last-mentioned method,
which is particularly applicable to hollow metal blades,
glr is ducted from the free stream, heated either in a
heat exchanger or by direct combustion, and passed
through a gland into the rotating propeller where the
heated internal flow heats and de-lces the propeller
blades. The internal flow moves radlally through the
hollow blades and 1s discarded through nozzles at the
blade tips into the propeller slipstream. All of these
de-lcing schemes entall some loss of propeller efficlency.



2 : NACA TN No, 1112

The efflciency lcsses assoclated with hested-alr
thermal de-icing were measured in tests of a two=-blade
hollow steel propeller in the. Langley 16-foot high-speed
tunnel. The primary purpose cf the tests was to make a
quick determination of the efficiency loss due to internal
air flow. Because the temperature of the internal alr
flow was assumed to have little effect on the efficlency
changes, the experimentsl proveller was made as simple
as possible by dispensing with heat exchangers and by
having the entire internal-flow system, inlet, ducts,
snd exlit nogzzles bullt into the propeller hub and blades.
The results of the tests made with unheated internal flow
are repcrted in reference l. It is the purpose of thils
paper to attempt to express simply the efficlency loss
as a function of the parameters which govern propeller
operation and the internal air flow. The derlived egqua-
tions are correlated with the dats« presented in refer-
ence 1,

The change in propeller efficlency assoclated wlth
heated-air thermal de-icing can be attributed to two
effects; namely, thé gffect of the tip nozzle on the alr-
foll characteristics of the blade sections in the vicinity
of the nozzle, and the effect of the internal flow on the
power absorbed and the net thrust produced by the propel-
ler. A complete theoretical evaluation of the efficiency
change due to elther of these effects is so involved as
to be Impractical. The megnitude of the efflciency
changes, however, can be estimated with reasonable accuracy
by introducing simplifying assumptlons.

APPARATUS

A description of the dynamometser, propeller, and
other apparatus used in the Langley lé+foot high—speed-
tunnel tests of a thermal de-lcing propeller is given

In reference 1. A diagram of the internal-flow systenm
tested in reference 1 and considered herein 1s given in
figure 1 of this pasper. A description of the apparatus
is confined to the following list of propeller dimensions
needed for use in applyling the derlved equations:

Number of blades . . . e h e e e e s e e e e e 2
 Propeller dismeter, feet . e e e e . e 12,208
Total nogzzle exit—ares (2 blades), square foot . 0.00903%

Radial location of center of nozzle o B, :
(X = 0095), feet . L] L[] . . . L] L] [ ] [ ] L] L . . L] L ] 5'80
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ANALYSIS

Effect of Nozzle Drag on Propeller Efficiency

Assumptions.- The problem of estimating the effect
on propeller efficiency of a nozzle built into the blade
tip can be approached most simply by assumlng that only
the drag of the blade sections in the reglon of the
nozzle is affected. Although a chordwise section through
the nozzle may have very poor 1lift and drag character-
istics as an isolated airfoill, the same sectlon used as
a limited spanwlse portion of an extensive airfoll willl

operate wlith aepproximately the same 1ift as the adjacent
unaltered sections. The section drag, however, will be
increased. This assumptlion is made in order that the
derived equations may apply particularly to propellers

to which nozzles are added at the very trailing edge of
the blades. :

Derivation.- Assume that the presence of a nozzle _
(without flow) creates an i1solated drag on the propeller
blade at radius r. Designate the total drag for all of

the nozzles Dy. The drag acts in the direction of the _

resultant alr velocity and may be resolved into two
components, one a component of torque force In the. plane
of rotation, and the other a component of negative thrust,
A diagram of the forces and velocities is given in fig-
ure 2. The nozzle drag reduces the propeller efficlency
by increasing the vower and reducing the thrust. The
induced power loss,which is associated with blade sec-
tion 1ift, 1s assumed not to change. If the propeller
characteristics are known for the propeller without
nozzles, the efficiency change dus to the effect of
nozzle drag on thrust snd power can be expressed by
differentlating the efficlency equation and treating the
differentials as finite increments. . ' o

The symbols used in this paper are defined when
they are introduced; a complete list of symbols is given
in appendlix A. o -

The efficiency equation 1s

3
I
C)lCJ
LI
&y
!
SNer?
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Differentiation gives

; J il
Cp Cp ]
an = L ac,, - a0 (2)
CP T CP P
whers
CT thrust coefficient .
CP power coefficient

proveller efficlency
advance ratio

The nozzle drag acting at radius r 1is

1
Dy = AT Ay0p (3)

where

Cp nozzle external drag coefflclent based on the total
N nozzle exlt area Ay

W resultant air veloclty

o] alr density, slugs per cublc foot i o

Because the induced veloclty at the propeller blade con-
tributes only & very small component-to the trues resultant
veloclty, the resultant velocity can be evaluated with
good accuracy @s the vector sum of the forward velocity V
and the rotational velocity as shown in figure 2

W = /mpx)2 + V2 (L)
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where

D propeller diameter

n propeller rotational speed

X fraction of precpeller tip radius

The component of the nozzle drag scting as negative thrust

is

where AT 18 the increment in propeller thrust. By use
of equations (3) and (L), thls equation becomes

AT = -2pa 6V \AmmDx)2 + Vv
PG,

2

and 1n coefficient form 1s

C

A D :
sop = 5 3 I L2 5)

The component of the nozzle drag which creates torque 1s

AQ _ wan)
r - DTy

AQ = r%pANCDN (TnDx) v(%an)a + V2
AP = 2mnAQ
35 %y 2 ¥
AP = pn’D’ —= Opn. (mx) \Aﬂx)+J2
op? DN

Ay CDy |
AC, = Eg =+ (mx)2 Jm)2 + 2 (&)~
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where
Q torque, foot-pounds
P powser, foot-pounds per second

When the expressions for the increments of thrust
and power coefflclents (equatioms (5) and (6)) are
substituted into equation (2), the efficlency loss due
to nozzle drag is evaluated

-A CD
- dJ
n= L 2 P e P

Cp p

ay D
N Dg 2N (122 /imx)® +
P

A CD -
An = -—-2— 2N ET]— \/(nx)a + J° [('rrx)2 + %}2—] (7)
D P

Application.- Equation (7) indicates that the effi-
clency loss due to propeller tip nozzle drag increases
with increasing advance ratio and 18 directly propor-
tional to the ratio of the efficiency to the power
coefficient of the propeller without nozzles. For the
thermal de-icing propeller of the present study, the
power coefficlent for maximum efficlency increased more
rapldly with advance ratio than did the function of - —
advance ratio (equation (7)) with the result that, at
meximum efficiency, the loss due to the nozzles without
flow decreased continuously within the range of advance
ratioc met in the tests. For warnt of better nozzle-drag
data, the nozzle-drag coefficient was assumed to be the
seme a8 that for a flat plate and the efficlency loss
due to the nozzles without internal flow was computed.
The values of advance ratio, power cosefficlent, and
efficiency at peak efficlency for the normal propeller

-
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were taken from figures 13 and 1l of reference 1 and are
listed in table T with the computed and measured values
of efficlency loss. The efficiency loss due to the
nozzles without internal flow 1s also shown in figure 3%
es & functlon of advance ratio., The trend with advance
ratio of the measured loss 1s similar to that indicated
in equation (7).

The foregoing computations were for operation at
peak efficiency. The efficiency loss due to the nozzles
without internal flow for any condition of operation
should not be much different from that shown in figure 3.
The most common conditions of propeller operation are
at values of sdvance ratio less than that for pesk effi-

clency: in this range the power coefficlent 1s increased

and squation (7) indicates that the efficiency loss is
less than for operation at peak efficiency. Of less
interest 1s operation &t values of advance ratio greater
than the values for peak efficiency for which both the
power coefficlent and the efficiency decrease with
increasing advance ratio, with the result that the effi-
clency loss 18 seldom much greater than that shown in
figure 3 and is generally less.

Effect of Internal Flow on
Propeller Efficiency

Assunmptlons.- The same sapproach is used in esti-

mating the effect of the internal flow on the efficiency

of a heated~alr therwmal de-lcing propeller as was
followed in estimating the effect of the nozzle drag
alone, The motion of the internsl flow through the
propeller is accompanied by finite changes to the pro-
peller thrust and power from which the efficliency change
can be computed. There are four increments of thrust
and power assoclated with the internal flow that affect
the propeller efficiency. These increments are: (1) a
negative thrust incurred by inducting the internal flow
from the free-air streamwr and arresting its axlal motion
with respect to the propeller, (2) a power increase
required for the centrifugal pumping of the internsal
flow by the propeller, (3) a positive thrust component
of the jet reamction contingent upon the proper ejJection
of the internal flow through the tip nozzle, and (L) an
increment of useful power from the torque component of
the jet reaction.
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A discussion of the influence of. the thermodynamic
nrocesses affecting the internal flow will be reserved
for a subssesquent section of this paper. It is con-
ceivable that a small amount of engine shaft power can
e dissipeted from any propeller as heat. The tempera-
ture rise of a body imrersed in a high-speed air flow is
discussed in reference 2, which meintains that, becausse
of complete arrest of the flow both at the stagnation
oolnt and in the boundary layer, the equilibrium tempera-
ture of the entire bady is the stagnation temperature.
The various sections of a propeller blade operate at
Gifferent airspeeds; the tip sections operate at the
highest smeed and the shank sections at the lowest.
Consequently, a radial temperature gradient exists and
causes a flow of heat from the blade tip toward the shank.
(See reference 3.) As the shank becomes hotter than its
staegnetion tempsrature, 1t is copled by the alr flow.
Thus, indirectly, a small amount of shaft energy suppllied
by the engine is dissipated through the propeller as
heat. :

Tn the case of the heated-air thermal de-1sing vro=
weller, the external-flow temperaturs conditions are the
seme as for a normsl propeller, and for ideal internal
flow, the stagnation temperatures of air within the blade
will be identical .at all radil with the external stagna-
tion temmeratures. This equslity exists because the
stegnation tewmmersture of the internal flow at the inner
surface of the blade is determined by the combined
effects of.the free-stream velocity vossessed by the
internal flow befors its induction, and its radial
velocity, manifest as total pressure rise, which is
always equivelgnt to the tangential velocity. Hence,
in the idesl case without heat transfer the total pres-
sure of the internal flow at any radius equals that of
the external flow; the internal and external stagnation
temperatures are therefore equal, and the dissioation of
engine nower as heat is no greater. for a heated-alr
thermal de-lcing propsller them for a conventional pro-
Peller. The effect of .the internal flow on the nropeller
efficiency 1s determined almost entirely by the. exchange
of mechanical energy between the internal flow and the
nropeller. _

Internal-flow induction, negative thrust.- The
inductlon of the internel flow from the free-alr ctream
into the uroveller 1s accompanied by an inescapable
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negative thrust proportional to the product of the
internal mass flow and the change of axial veloclity with
respect to the propeller. This relation holds regard-
less of the manner in which the air is taeken from the
free stream and ducted into the propeller. The processes
involved in handling the linternal alr flow affect the
total preasure of the internal flow which, as will be
shown, affects the mass flow and the exlt veloclty but
not the negetive thrust. The negative thrust exerted

by the internal alr flow upon the propeller or alirplane
at inducition 1s

AT = -mV ] (8)
where
m internal mass flow, slugs per second .
v veloclty of advance, feet per second

By expressing the mass Tlow in coefficient form, ~equa~-
tion (8) becomes a= o

AT = -m, PADV B
A .
=-_X
ACy = S Wed (9)
D
where, by definitlon,
m
m, = _
PAyND _

Significance of mass-flow coefficlient.- A simple
interpretation of the mass-flow coefficlent is that the
coefficient expresses a relation of the velocity of flow
from the nozzle to the rotational tip speed of the pro-
peller., If the density of the internal flow at the
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nozzle 1s equal to that of the atmosphere in which the
propeller is operating, a value of the mass-flow coeffil-
cient equal to 1  indicates that the velocity of efflux
from the nozzle 1s egual to the propeller rotational tip
speed, The mass~flow coefficlent could have been so
defined—as to equal unity or any other arbitrary value
for the speclified condition, but the definition glven is
in keeping with conventicnal propeller coefficlents.

Centrifugal pumplng power.- Conslderatlon of the

motion of an unrestrained particle under the actlon of
centrifugal force shows that at all times the tangential
acceleration of the particle is equal to the radial
acceleration; veloclty changes and the corresponding
klnetic-energy changes resulting from the two accelera-
tions must be equal. Energy per unlt mess lmparted to
the particle by the tangential motion must always be
kinetic energy equal to one-half the tangential velocity
squared. ILlkewlse, for an unrestralned particlse, the
kinetic energy due to the radlael motlion is equal to that
for the tangential motion. In the case of fluid motion
under centrifugal sction, the particles composing the
flow are wusually vartly restrained, snd the energy, which
for the individual particle was redial kilnetic energy,
will appear &s a combination of kinetic energy, pressure
energy, end (for a gas) heat due to compression. By the
law of the conservatlion of energy, however, the total
energy per slug of mass flow imparted by the propeller
to the internal flow et a volnt immedistely shead of the
tip nozzle is equal to twlce the kinetic energy due to
the tangential velocilty; that is

Energy per second = m«ur)a

where
w . engular veloclty, radians per second

The energy per second 1s the centrifugel pumplng power,
which may be exvpressed as follows:

AP = m(Tran)2 | (10)
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A more rigorous derivation of the relation expressed
by equation (10) is given in reference i, which shows
that, when shaft power 1s not dissipated as heat, the
power requlired for a centrifugal blower depends only on
the mass flow and the tangential veloclty imparted to the
flow.

By expressing the mass flow in coefficlent form,
equation (10) may be rewritten

AP = m, PAyND (Tran)2 - RS
Ay L
Ap = o o (mx)® +(11)

Equation (1ll1l) expresses the increment of power cosffi-
cient required for pumping the internal flow through
the propeller.

The foregolng considerations of the effect of .the
internal flow on the thrust and power have shown the
effects to be detrimentsl. The change of direction of

the internal flow, moving with free-stream velocity,
from an axlal to a radial motion was shown to create
the negative thrust expressed by equetion (9). The
centrifugal pumoing action of the hollow-blade propeller
working on the internal flow was shown to increase the
power absorbed by the propeller in an amount expressed

by equation {(1l1). ©Neither of these processes necessarily
represents a complete loss because the snergy involved

is merely trensferred to the internal flow. The negative
thrust due to stopping the air cannot be avoided, bdbut,
with efficient diffusion and ducting, the air will retain
its energy either as ¥inetic or pressure energy which can
be reconverted into positive thrust on being ejected

from the tip nozzle« ILlkewlse, the energy iImparted to
the internasl flow in the centrifugal pumping process can
be reconverted into power tending to drive the propeller.

Tip-nozzle jet propulsion.- For simpllicity, the
analysis of the Jet-propulsion effect of the vpropeller

tip nozzle will be idesllzed as was the treatment of the
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negative thrust and centrifugal pumpling effects. The .
internal flow is assumed to move in a purely radisl

direction within the blaede until it reaches the vicinity

of the tlp nozzle where 1t 1s turned through a right

angle. In the ideal case, the internal flow is ejected

from the blade through the tip nozzle in a direction —
normal to the radius and varallel to the resultant —
velocity of the external flew at the station of the tip

nozzle. (See fig. l..) The foregoing assumption can be =
true for only one value of advance ratio for eaci blade
sangle, but for controllsable-nitch propeller operation _
the direction of the internal-flow Jet from the tlp -
nozzle would never deviate more than a few degrses from

the direction of ths extsrnal resultant air flow.

The reaction due to ejection of the internal flow
from the tip nozzle 1s a force tentatively normal to
the radius tending to drive the blade section at the
nozzle along its helical path. In practice, 'the nogzzle
will hardly be completely effectlve in directing all of
the internal flow downstream along the helical path,

If means exist for estimating the nozzle effectlveness,
here designated as ¢, the jet veloclty Vy cen be

multiplied by thia factor to yleld & better estimate of .
the Jet reaction than by merely assuming perfect nozzle
affectiveness. The nozzle.effectiveness 18 not jet -
efficlency bDbut may be regarded mainly as the cosine of €
the acute angle between the mean direction of flow from

the nozzle and the helical path of the nozzle. Because

the change of velocity of the internal flow with respect

to the blade is the Jet velocity, the force on the blade

due to the jet reaction Fy 1s the product of mass flow,

jet veloclty, and nozzle effectiveness; therefore,

Continulty of the mass flow must be preserved, hence tﬂe
jet veloclty can be expressed in terms of the mass flow,
thus ' '

m = Mg PANnD = Ra Vo : -

Vy = (;%) mgnD (13) 5
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If the mass flow in equetion (12) is expressed in coeffi-
cient form and equation (1%) is used for the Jjet velocity,
equation (12) becomes R —

Py = ey (&) (nD)® €m,? (1h)

The diagram (fig. li) shows that the component of
the jet force, which acts as positive thrust, is

AT = FN X

2l

(15)

The substitution in equation (15) of eguations (l)
end (1L) for W and TFy, respectively, results in the
following expression for the positive thrust increment

2 v
c
v«wan)a + Ve

— ar /P 2
AT = Phy (pN>(nD) em

then . Bl

A
a0y = = (£) em,? L (16)

T2 c — .
2\ ey 2 =

The component of the jet force, which acts normal
to the radius and in the plane of rotation to produce a
driving torque, regarded as negatlve because propeller .
torque 1s positive, is

TnDx
T
N W

]
|
rzj

LQ
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"hen equations (i) and (1) are substituted_for W and .
FN’ respectively, the foregoing expression for torque

increment becomes

AQ = ~Phy (—%} (nD)® em,® p —TODX
V/(rran)2 + V2
AP = =21mnAq - L S ' el =
AP = -2wnpAN.<él> (nD)2 mcz er __Tnbx ]
' byt >
\/(:ran) +
=N reN 2 (mx) .
ACP B D2 <PN mC € B - <17) . . T

v(nx)a + Ja-

Net thrust increment.- The totsl effect of the
internal flow on the thrust coefficient is the combined
negative thrust incurred during induction and nositive

thrust obtained at rejection, squations (9) and (16),
respectively; thus -

A

| A
ACH = 3 (LY p 2 J. - g
T T 2 \Py/ Mo =5 ~ 2 e
Jwx)e + 32 .o .
AN -

1 (18)

0 <pN> A mx) 2 >
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Net powsr increment.- The total effect of the internsl
flow on the nower coefficient is the net effect of the
pumping power and of the propulsive power obtained from
the tin jet, expressed by eguations (11) and (17),
respectively; therefore

A . A - 2 .
a0, = = (mx)2 my - X (-P- emg? —LTE) -
D D2 pN 2 T
Vimrx)© + J2 |
A m. €
N 2 o) C
ACp = —= (wx)% m, |1 = (— (19)
P D2 c pN

HAmx)2 + 32

Effect of internal flow on efficiency.~ The same
nrocedure that was followed in the case of the nozzles
without flow can be used to determine the effect of the
internsl flow on the propeller efficiency. The effi-
clency change due to the internal flow can be evaluated
by substituting the finite increments of thrust and power
coefficient, equations (18) and (19), into equation (2),
thus

T ol
An = 5; ACT - é; ACp (Equationm(z))

A - —
J °N c M€
e —— J — -
Am Cp p2 © (pl\T> .

ot | | | —

A : e
_n X 2 _ _p_> M€ P
5 {rx) m, 1 <PN

C S
P D \/(‘i‘l’x)2 + J2 S

(20)

Ay . e [ ) "JQ] . _
= ——--—Tl-mC - - 1 {(mx)c + — o
D2 Cp <pN> wa)z ; 2 n

an
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Equation (20) shows that the change of propeller
efficlency assoclated with the internal flow varies with

mass flow coefficient, nozzle area, nozzle effectivensess,

and denslty ratio, as well as with the ususl propeller
characteristics. Whether the efficlency changes repre-
gsent a loss depends upon the magnitude of the term

o) My €

- ——
N \/("lTX)2 + J°

When no pressure 1s applied to the internal flow
except the impact pressure due to ailrspeed and the cen-
trifugal pressure due to propeller rotation, the fore-
golng term can never be greater than unity &s can be
shown by use of equation (27) and the definition of
nozzle effectivenessa. Hence the guantity in the flrst
brackets of equation (20) must be negative and the
efficlency change a loss. TIf pressure is applied to the
internal flow by a pump or blower, the mass-flow coeffi=-
cient can be made suffilclently large to make the offi-
clency change calculatsd from equation (20) pasitive.
This positive efflciency change would mean only that,
due to the propulsive effect of the tip nozzles, the
thrust-powsr output of the propeller had been Ilncrsased;
the net efficlency change, when the additional power
supplied to the pump or blower is accounted for, would
most likely still be negative (except in some cases
when heat 1s added to the internal flow under pressure).

Application.- The values of efficiency loss due to

the internal flow calculated from equation (20) are of
the same order of magnlitude as the loss indlcated by the
tests of refersnce 1. Valuss of advance ratio, power
coefficient, and efficlency at maximum efficlency for
the propeller with nozzles but without flow are listed
in table IT, corresponding values of mass-flow coefli-
clent and density ratioc ars listed for the propeller
with internal flow. - The density ratio, which applies
only to these data, was obtained by the prozedure out-
lined in appendlix B and dilscussed in the section dealing
with internsl drag. Inasmuch as the flow traces at the

nozzles observed at the termination of the tests indicated
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some radial flow, a nozzle effectiveness of € = 0.75 was
assumed. The computed and measured values of effliciency
loss due to internal flow are compsared in table IT and
are shown graphically in figure (5).

Combined ILosses
The net loss of propeller efficiency assoclated
with the internal air flow (unheated) can be exprsssed
by the additlon of the individusl losses due to the

nozzle drag snd the internal flow, equations (7) and (20),
thus

AN 2 m., €
Aﬂz‘zi[(ﬁx)a-'-%ﬂ mc-e- g -1

Cp P
P N V(wx)2 + J°
C
- —gﬂ V(wx)2 + J2}> (21)

In table III thes values of advance ratio, power
coefficlent, and efficiency et peak efficiency are listed
for the normal propeller; and the valueg ol mass-flow
coefficient and density ratio (appendixz B) are given for
the propeller with internsal flow. Also in table III the
measured loss of efflciency due to the combined effect
of the tip nozzles and internal flow is comparsd with the
corresponding loss computed from eguation (21); a graphi-
cal comparison 1s given in figurs

Inasmuch as the net accuracy claimed for the measure-
ments of reference 1 is only f1 percent, the agreement of
the calculated efficiency losses with the measured values
shown in figures (3), (5), and (6) is unexpvectedly good.
Only one measured value falls outside the 1imit of
saccuracy and most of the measured values are within a
few tenths of a percent of the corresponding calculated
value. Inasmuch as admlssion of the internal flow was
expected to have caused a reduction of the nozzle drsag,
the good agreement of the calculated with the measured
results may be due to & fortunate selection of the
assumed values for nozzle-drag coefficient and for



18 NACA TN No., 1112

nozzle effectiveness. The sssumed values both of nozzle-
drag coefficient (with internal flew) end nozzle effec-
tiveness sre propvably too large, but bscsuse theilr effects
are compensating, the calculated efficlency loss agrees
well wlith the mesaured values. One enacouraglng indica-
tion of the valldity of the derived equations, however,
1s that in all cases- the ftrend of the data f»nllows that
of the calculated curve; that 1ls, the efficlency loss at
peak efficlency assoclated with the nozzle drag and
internal flow decreases wlth increasing advance ratio
within the range of advance ratio of the tests.

Internal TLoss

Assumptions.~ Thus fer in the discussion of the
hested~air thermal de-1lcing propeller, energy losses in
the internal flow have not been considersed. Changes in
the propeller thrust and power coefflicients and effici-
ency have been expressed convenlently in terms of the
massg-flow coefficlent. In the part of the analysis that
follows, & relatlon between the Internal mass-flow coef=-
ficient and the internael loss is developed. The derlva-
tlon 1s based entlrely on kinetic-energy changes in the
internal flow. The static pressure at the nogzzle exit
is assumed to be the same as that of the free-slr stream.
Compressibility of the alr is not accaunted for in the
derivation because an accurate and consistent estimation
of the static-pressure variation in the internal flow is
not feasible. The gssumptions uwpon which the derivation
1s based make the equetion adaptable to use with the data
presanted in reference 1, in which density changes between
the free~stream air and the internal flow at the nozgzle
were small because no heat was added to the intsesrnal flow.
An attempt ls made, however, to preserve the validity of
the expression for cases which Involve considerable
density change by including Iin the -equations the factor
which expresses denslty ratio. The inclusion of the
density-ratio factor is believed to make the lncompres-
sible flow equatlons good avproximations for the cases
In whilch heat 1s added to the internal flow or for the
cases 1n which the internal pressure lass ls converted
to heato )

Internsl presaure loss.- For this analysis the
internal loss is regarded as the combined resistance
offersd to the internal flow by the skin friction of
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the internal system; by turbulence introduced in the flow

by abrupt turns, sharp corners, poor nozzle shape, and
inefficient diffusion; and by changes in flow pattern

with rotational speed typical of centrifugal blowers.

One concept of the internal energy loss 1ls that of an

equivalent pressure loss acting on the volume flow at

the nozzle, as

Internal energy loss per second = AppAyxVy

An additional energy equal to the kinetic energy of
the internal flow at the nozzle leaves the system each
second with the ejected internal flow. The net power
requlired to move the intérnal flow is

2

Pressure available.- The pressure avallable for

moving the internal flow through the propeller is derived

from three sources: the lmpact pressure of the free-sair
stream, the centrifugal pumping pressure, and the asro-

dynamic suctlion due to the low-pressure field surrounding

the nozzle exterior. The pressure at the nozzle exit
depends upon the location-of the nozzle on the blade

section and upon the angle of attack at which the section

is operating. The effect of low pressure at the nozzle
exit in moving the internal flow was found 1ln the tests

of reference 1 to be very small and will not be considered

in this analysis. That is, the static pressure at the

nozzle is assumed to be the atmospheric pressure in which

(22) -

the propeller 1s operating.

Tf care 1s exerclsed in the induction of the internsal

flow, the kinetic energy of the free-alr stream relative
to the airplane can be made to furnish a part of the
motive power for the internal flow. At 2 polnt upstream
of the airplane the internal flow before its induction
has a velocity V with respect to the alrplane. The
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kinetic energy per second entering with the internal
flow, which can be used for pumping the flow through the
internal system, 1s

(% 1
<

Energy per second =

In the discussion of the powexr expended in pumping
the internel flow through the propeller centrifugally,
it was shown that one-half of the power apvsared as an
increase in the total pressure of the internal flow
(with respect to the blade), from equaetion (10)

= (wan)2

Energy ver second = 5

The net vower avaellable for moving the Internal
flow is

Py = g [(Trx)2 + J2] (nD)? (23)

The power avallable can also be regarded as the product
of volume flow at the nozzle snd an egquivalent pressurse
avallable _

PA = ApAANVN

By combining the two foregoing sguations, the equivalent
pressure avallable 1s expressed in terms of measurable
guantities

hpy = —= [(n’x)z + JZ:I (D)%

2ANVN
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or, by use of the definition of mass flow,

o -
apy = ((m02 + 2] (ap)2 (2L)

Relation between Apf and m,.- ¥hen the motion of

the internal flow reaches a steady state, the energles
required and avallable for maintaining the flow are in
equilibrium and the expression for power required in
equation (22) can be replaced by that for power available,
equation (23); thus

mV
N m [ 2 ] 2
AP LAV, + = -
pf N'N 2 a (TTX) + J2 (nD)

or
e
N
App o [(Trx)2 + J%] (nDp)® L
= (25)
N ay
where~
— X 2
Ay = 2PNy

The dynemic pressurs at the nozzle may be expressed in
terms of the mass~flow coefficient as

_ By /e 2
qN > pN man
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Uoon substitution of thils expresslion for Ay into equa~

tion (25), the internal pressure loss is expressed in
terms of nondimensional bropeller parameters and a
density ratilo,

1 (26)

A regrouping of the terms in equation (26) provides a

convenient relation between mass-flow coéfficlent and
internal pressure loss -

> ﬁx)2 % :
\/ s (27)

+
ay N

Throughout this ansalysis the internal pressure loss
1s expressed as a ratlio to the dynsmic pressure at the
nozzle« Another relatlion that may be useful 1s the ratio
of internsal pressure loss to the pressure available,
which for the equilibrium condition is shown by the
followlng identity:

AP,

ADA ADf (2
— + 1
Uy

Determination of . Apf/qN from bench tests.~ A fore-

knowledge of the value of the internal pressure loss for
a8 blade and nozzle cowbinatlion is useful for estimating
probable efficlency losses to be encountered with a pro~
nosed propeller design. Eguation (26) provides a basis
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for the experimentel determination of the internal pres-
sure loss from bench tests. A setup might be made in any
of a number of ways, but a simple arrangement is to
surround the tip nozzle or nozzles wlith a low-pressure
chamber to induce an internal flow through the propeller.
A metering orifice gt the entrance to the system, where
total pressure 1s atmospheric, msasures the impsact pres-
sure as the difference between atmospheric pressure and
the statle pressure p, 1in the orifice. From this
measurement, with the atmosoheric pressure and the
metering—orifice area known, both the internal mass flow
and the dynamlc pressure q of the flow at the entrance
can be calculated. The only other measurements needed
are the static pressure and temperature at the nozzle,
by which the density of the alr at the nozzle may be
determlined, and the flow ares at the nozzle Ayxy. In
this case the rotational speed is zero and equation (26)
can be reduced to the form:

2
sy 2(Pgay)” g
aix = 5 Z= 1 (29)

A procedure for calculating the internal mass flow from
knowledge of the ratio of impact pressure to atmospherioc
pressure Ap/b is given in reference 1; the relation

between q/p, fand Ap/p, 1s shown in figure 7 of the
present paper.

The ratlo Aof/qN is not a true coefficient by

which the internal pressure loss may be expressed. Ths
ratlo applies only to a given combination of propeller
blade and tip nozzle and, for a given blade, will change
when the nozzle area 1is changed. The ratio wlll also
change with rotational sveed unless provortionate changes
occur in both internsal pressure loss and dynamic pressure
at the nozzle.

Calculatlion of nozzls area,- If the condition of

equilibrium between the power required and that avallable
for moving the internal flow is again considered,




2l NACA TN No. 1112

equation (22) can be used to obtain an expression for
nozzle arsa Sm e - - - IR

ApAANVN = ApfANVN +
A A i ca
pA = pf = =
. 24 2
N ZPNAN
2
m

When the requlred mass flow and heat exchanged are
known and when the internal pressure loss Apg has been

estimated (bench tests), the density of the alr at the
nozzle can be calculated from the following equatlon,
which is derived in appendlx C:

(31)
1+ ; _ .

where H; 1s the rate (Btu per second) at which heat

contained in the internal flow enters the vropeller and
Hyp the rate at which heat 1s dissipated through the

propeller blade surface for de-icing. The pressure
available can then be calculated from equation (2l) and
2ll quantitles necessary for the calculation of nozzle
area from equation (%0) are known. Equation (30)
furnishes a means for the calculation of the nozzle
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area necessary for the rejection of a given Internel mass
flow. By makling the nozzle the section of greatest _
restriction in the internal-flow system, velocities else-
where in the system may be mads as small as feasible and

the internal losses may be reduced to the vractical minimum,

Because the pressure avallable is fixed by the operating
conditions, the advantage of achieving & minimum of
internal loss 1s demonstrated by equetion (30), which shows
that the minimum nozzle area is obtained when the internal
loss 18 reduced to a practical minimum.

Effect of internal loss on efficiency.- The loss of

propeller efflclency associated with the internal flow
has been expressed by equation (20) in terms of the mass
flow coefficient and correlated with the mesasured values
of reference 1. when equeation (27) 1s substituted for
the mass=-flow coefficient in equation (20), the loss of
propeller efficlency due to the internal flow 1s shown
directly related to the internal pressure loss, thus

AN p AN f(mx)2 4

32 €
T 2 C, P 7 )
D Ap Ap
g —£ + 1 .4 + 1

1 [(n'x)a +—Jni] (32)

The first bracketed term in equation (32) shows that
the efficiency loss lncreases &s the internal pressure
loss increases and as the nozzle effectiveness decreases.

with perfect nozzle effectiveness and no internal pres-
sure loss, there is no loss of efficliency associated with
the internal flow. Equation (32) illustrates the impor-
tance of reducing the internal pressure loss and of
designing the tip nozzle for greatest effectiveness in
producing Jet propulslon.

DISCUSSION

Elimination of density ratio from e%uation (26) .=
The propeller test data 1n reference l, for the propeller
with internal flow, present measured values of all guanti-
ties in equation (26? necessary for calculating the
Internal pressure loss, except the density of the flow at
the nozzle. An estimate of Apg/qy with a density ratio

of unity assumed indicates that the internal loss con-
sumes more than half of the energy available for moving



26 NACA TN Mo. 1112

the internal flow. Inasmuch as the wechanical energy
loss appears as hest 1n the internal flow, the air
density at the nozzle must be reduced to an extent that
cannct be 1gnored. In esppendix B asn expresslon, esque-
tion (3%), is derived for calculating Apf/qN in which

the denslify change 1s regarded as dependent upon Apf/qN

AD 4

(ﬁx) ' (nD)2 | 75; BHX)a%.Jé] (3%)

Apf
< . > 2 X778yt o .

Equation (33) is regsrded as sppllcable only for internal
flow systems similar to that treated In reference 1. A
solution of equation (33) for Apf/ql\T 1s given in

appendlx B.

Data selscted from reference 1 for several different
overating conditions are listed in table IV with the cor-
responding values of Apf/qN computed from equation (33).
Also listed are the cowputed density ratio and the
nominal sngle of attack of the propeller blade sect¢ons
at thse riczzle station.

Bffect of statlic pressure at nozzle exlt.- It was
assumed in deriving the éxpression for App/qy that the

static pressurs at the nozzle exit was equal to the
atmospheric pressure in vwhich the propeller was cperaeting.
If the exit pressure were appreciably lower than the |
atmospheric pressure, the calculédted value of App/Qy

would be too small., At low values of sdveance ratio (large
angle of attack), 1t might be exdécted that greater
nozzla-exit suction would sxist than for high values of
advence ratioc (small engle of attack). If this effect
were anpreclable, the serodynamlc suction at the exit for
low values of J would be manifest as lowsr internal
loss. The measured verlation of Apgp/qy with nominal

angle of attack, at fixed blade angle and rotational
speed, is shown in table IV to be amall snd inconsistent,
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which indicates that the statlic pressure at the nozzle
exlt 4id not vary epprecliably from stmospheric pressure
and that the assumption made in this regard i1s Jjustified.

Effect of rotational speed.- Average values of
Aof/q“ at several values of rotational sveed are shown

in figure 8; the average varlation with rotational speed
of the density ratio {applicable to the data of refer-

ence 1) is also shown in this figure. The internal pres-
sure loss coefficient Apf/qN (which is proportional to

skin friction and turbulence losses) increases with
increasing rotational speed. Because the Reynolds number
of the internal flow increased wlth rotational speed,

the variation of 4pg/q, with rotational speed might

be exvlalned as a visco 8 effect. Anothser possible cauze
for the veriation of Apf/q is compressibility of the -
air, but drag losses, in general change abruptly when
the cause is a compressibility effect. It 1s mors
probabls, however, that the increase of Aap /q with
rotatlonal speed is due to the ineffectiveness of the
hollow propeller blades as a centrifugsasl impellsr,

The curve shown in figure € is for dsta taken during
Dropeller tests at the constant rotatlonal speed that is
regerded as the best presentsd in reference 1. Random
voints et various rotational speeds from tests at con-
stant advance ratlo are also plotted on this figure, but
are regarded ss Inferior date, —

Jet efficlency.- The efficiency with which the jet
from the tip nozzle propels the blade section at the

work and residual kinetic energy in the jet:

_ meVNW

Ny =

\d l I 2
meVy W + Em(“ - vN)

which upon simplificatlion becomss

2€V
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Equation (3l.) shows that the propulsive efficiency
of the tip jets is greatest when perfect nozzle effectlve-
ness (€ = 1,0) is achisved and when the jet veloclty
equals the section resultant veloclty; that 1s, when
the ejected internal flow remains motlonless with respect
to the atmosphers. The propulsive efficiency of the
nozzle decreases when the Jjet velocity VN i1s elther

less than the resultant veloclty, es 1s the case for the
tests of reference 1, or greater, as might result from
applylng considerable pressure to move the internal flow.
If nozzles were formed by cutting off & portion of the
propeller tips so that the internal flow would be

ejected radially, all the energy used in oumping the
internal flow through the bladss would be lost; the

nozzle effectiveness would be zero, and the jet-propulsive
efficiency as shown by equation (55) would be gzero.

By use of equatlons (L) end (13) to express W and

VN’ respectively, the jet efficlency can be expressed in

terms of the mass~flow coefficient

My = — 5 | (35)

= p
V(WX)Z + J° ol

1

- Py ©
2¢ é% my «,/(ﬁx)2 + EE

or in terms of the internal pressure loss, from equa-
tion (27),

1+

(36)
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Equation (35) is generslly applicable, but, because
(Apf/qN) is defined for the cass when the pumplng pressure

for the internal flow is supolied only by the airspeed
and propeller rotation, equation (3%6) does not apply when
additional pressure is supplied to the internal flow by
pump or blower. Equetion (36) further emphasizes the
desirabllity of reducing the internal loss to a minimum.

Effect of heat.- At least three general effects of

heat sdded to the internal flow will probably be felt.

The first, an serodynamic effect of the added heat, is
that an increase in pressure will be required to force

a given mass flow through the internal system; or, with

no change in the pumping facility, the mass flow will be
less for the heated condition then for the cold. This
phenomenon 1is the same ss that encountered with heat
exchangers 1n general and exists whether the heat is added
through a heat exchanger or by direct combustion in the
internal flow. The relation between the increased pres-
sure required and the heat added is discussed in refer-
ence 5. A second effect 1s inverse -to that just described;
that is, in the region where heat 1s being dissipated
through the surface of the propeller blade to perform

the de-icing task, less foreing pressure is required to
move the internal flow when heated than would be required
to move a cold internal flow from which heat is not being
dissipated. The two effects are partly compensating but,
because the internal flow must be maintalned at a fairly
high temperature up to the time it is rejected through

the tip nozzles, the net effect of the heating and cooling
1s elther to require a net incresse in forcing pressure,
or to result in a slightly diminished mass flow. The
third effect is that the elevated temperature at ths
nozzles results in a reduced density and increased velocity
of the flow frcm the nozzles. :

One scheme worthy of consideration in connection
with heating the internal flow 1s the conversion of some
of the heat into mechanlical energy. The internal-flow
system of a thermal de-icing propeller is basically
similar to that of jet-propulsion engines; alr taken from
the free stream into the internal system is retarded
with pressure increase, heated, asccelerated, and rejected
with an increased momentum which produces thrust. ¥®#ith
a8 heated-air thermal de-icing propelleyn 1t would be
advantageous to add the heat at the point where the

I
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internal flow 1s under gresatest static pressure even
though the elevated pressure is na more than total pres-~
sure. The result would be an increase in the nozgzle jet-
propulsive effsct and therefore at least a smaller loss
in the propeller efficlency.

CONCLUSIONS

An analysis of the farces acting on a hesasted-air
thermal de-icing propeller with and without—internal flow
indicates the following conclusions:

1. The nozzle exit arsa should be the smallest that
will Alscharge an internal flow sufficient for de-icing
the propeller, for the following reasons:

(a) The efficiency loss for the vropeller. with-
out internagl flaow is proportlional to tlhe nozzle exit
area snd nozzle drag coefficient.

(b) By making the nozzle the section of greatest
restriction in the internal-flow system, velocltlies
elsewhere in the system may be made as small &as
feasible and the internal losses may be reduced to
a practical minimum.

(¢) A further result 1s the highest attainsable
discharge velocity of the internal flow and con-
sequent greatest pronulsive effect from the nozzle
jets. .

2. The afflciency loss that accompanies the admis-
sion of the internal flow increases with:

{a)} The internal-mass flow,

(b) The product of internal-mass flow and the
effsoctivenesss of the nozzle in ejecting the internal
flow downstream along the hellcal path of the nozzle.

3. The energy expended during the Induction and
centrifugal pumping of the internsl flow, if properly

regained as jet-nrogulsive effect by efficlent rejesction
from the tio nozzle. In the 1deal case the motion of
the internal flow {(without heat) would not create any
loss. _
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L. The loss of propeller efficiency assocliated with
the internal flow increases with the pressure loss in the
internal system.

5. For the propeller tested, more than one-half of
the pressure available for forcing the internal flow
through the propeller was required to overcome the pres-
sure loss within the internal system.

6. The internal pressure loss coefficlent Apf/qN

(which is proportionel to skin friction and turbulence
losses) incresses with increasing rotational speed.

7. In calculating the internsl flow characteristieces,
the assumption that the static pressure at the noszzle
exlt was equal to the atmospheric pressure in which the
propeller was operating was found to be Justified for

the propeller tssted.

Langley Memorlal Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., May 7, 1946
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APPENDIX A
SYMBOLS

total nozzle exlt area, sq ft

nozzle external drag coefficient based on total
nozzle area, AN

power coefficlent 4
n3p3

specific heat of air, Btu/slug/°F (c, = 7.73)

thrust coefficient ——ELE
D

propeller dlameter, ft

drag on the propeller bhlades caused by the presence
of the nozzles, 1b

force on propeller blades due to Jet reaction at
the nozzles, 1b '

heat contained in the internal flow entering the
propeller, Btu/sec

heat dissivated through the propeller surfsace,
Btu/sec '

propeller advance ratio V/nD

meass flow through the internal system, slugs/sec

coeffitlient of internal-mass flow o
pANnD

propeller rotational speed, rps

power, ft-1b/sec
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statlc pressure, 1lb/sq ft

static pressure in metering orifice, 1lb/sq %

atmospheric pressure (barometric pressurse), 1lb/sq £t

pressure change in metering orifice, 1lb/sq ft

(ap = p, - P4

equivalent pressure availlable for moving the flow
through the internal system, lb/sq ft

pressure loss gcross the internal-flow systen,
1b/aq £t

net pressure required to move the flow through the
internal system, 1b/sq ft

torque, ft-1b

dynemic pressure, 1lb/sq ft (%@V2>

dynamic pressure at the nozzle, 1lb/sq ft (%pNVN'?')

redius at any blade section, ft

propsller thrust, 1lb

static temperature of the air, °F abs.
velocity of advance, ft/sec /
velocity of air leaving nozzle, ft/sec
resultant alr veloclty, ft/sec

frection of propeller tip radius

angle of attack, deg

blade angle, deg

nozzle effsctiveness
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propell?r efficiency (without nozzles and internal
flow '

nozzle propulsive efficlency

(nD)Z[(‘er)a + J2]
15560pt

the term 1 +

(Trx)2 + J2

the term ~
Be

mass density of alr, slugs/cu ft

mass density of internal flow at the nozzle,
slugs/cu ft I

engular velocity, radians/sec
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APPENDIX B

ELININATION OF DENSITY ERATIO FFOM EQUATION (26)”“_

If the energy in the internal flow consumed by pres-
sure loss appears as heat in the flow, 1f none of the
heat is transferred from the flow, and if the static
pressure at the nozzle is equal to that of the free-salr
stream, the alr density at the nozzle can be evaluated
in terms of the internel pressure loss and eliminated
from equation (26).

The power that goes into heat in the internal flow

1s -

Energy per second = g [kﬁan)a + Ve -V é]

and, since

Vg = mc(:é§> nD

2
Energy per second = m(nD) [ wx) + 32 (\c ]
o
N

2

From equation (27)

(m _p_>2 _ (1Tx)2 + Ja

> Fw Apf + 1
qN

Therefore

2
Energy per second = Ei%gl_ l_(rrx)2 + J%] -"—j;“—'
~ Ap
i S, 1
Iy

foot-pounds/second
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Expressed in heat units the foregoing rate of heat
generation becomes

Apf
m(nD)2 2 q
778 Btu per second = ——=if- {}wx) ¥ jﬂ —N
2 APp
— + 1
N

The static tewpsrature rise At resulting from the
heat generated by losses in the internal flow is

(Btu per second)
me

AL =

where Cp = (.75 1s the speclfic heat of air in Btu per
glug per °r, The temperature rise thus becomes

Apf
_ _(am)® 2, 2] 9y
At 15560 [(wx) +_J ] ioe (37)
?—-l-l

If equal atatlic pressurss ars assumed for the
externasl and internel flows, the ratio of free-stream
air density to density of the internal flcocw at ths
nozzle 1s Inverse to the ratio of the absolute tempera-
tures '

oot
N

where t 1s the free-stream absolute temperature. If
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equation (37) 1ls used to express the temperature rise
due to internal losses, the density ratio becomes

Apf e
2 —
5 = 1 4 —(BD) [(”x)a N JZJ - axy
N 15560c,t Pr . 1
dy -

Equetion (27) can be rewritten:

P (ﬁx)2 + J°
N
Y B

wWhen the two foregolng expressions for density _
ratio are equated, the resulting expresslion relates the
internal pressure loss to advance ratio, rotational
speed, mass-flow coefficient, and free~-stream tempera-
ture (quantities whlch were measured during the tests
revorted in refsrence 1): - ———

(rx)% + J° (nD)z ﬁ%?
= [kwx)z + JZJ

A =L 6ot \ AP
P, ), 2 15560, £, 1
q.N c q'N

(equation (33))

Equation (33) can be solved for an explicit expres-
sion of the internal pressure loss, as follows:
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where

L4 (nD)2 [(ﬁx)a + J2]
15560pt
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APPENDIX C
CALCULATION OF AIR DENSITY AT THE NOZZLE

If, as has been assumed throughout this analysis,
the static pressure at the nozzle 1s tThe same as that of
the atmosphere in which the airplane 1s flying, the
relation between air density and tempersature 1is

Py £

P % + at

where t 1s the ambient temperature snd At 1s the
temperature difference between alr at the nozzle and
stmospheric alr. The temverature elevation due to
residual heest in the heated internal flow 1is

Hy - Hp
W,
where H, 1s the rate (Btu ner second) at which heat con-
tained 17 the intsrnal flow enters the propeller and HD
the rate at which heat is dissipated through.the oropeller
blade surface for de-lcing. The temperature rise due to

the heat generated by the internal pressure loss 1s shown
in equation (37) to be

5 beg
iéggl— [(Trx)2 + Jéj Z-JEE——
EE; + 1

The temperature elevation of the internal flow at the
nozzle due to added heat and internal losses 1s e

ppp
Hr - H 2 e
At = 1 D + (nD) (mx)% + 32 An
me 6 A
mey, " 15560 Pr ,

Uy
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Equation (28) gilves the relation .

AP e e
qN - Apf

A T Ap

.....b?_g + 1 A

E3y ' |

Combining the two foregoing squations and using equa-
tion (2L) to express the pressure avallable ApA gives
the expression for the total temperature rise. :

H - Bp , _ber
mcp 77SOp pN

At =

The alr density at the nogzzle, therefore, becomes

oy = p(/ ke

+ =+
me, | 7780y Py

Transvosing glves

and
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TABLE I
COMPUTATION OF EFFICIENCY LOSS DUE TO
NOZZLE DRAG AT PEAK EFFICIENCY
0.00903 sq ft: D 5'1212687f£; X = 5.95;
"Dy = 1.28 (assumgdﬂ
B n Cp ~Am n ~An

at - (normal (normal (computed| (tio. |(measured)
Li2-inch nrovneller) |propeller) from nogzle
radius aquation !wlthout]

(7)) flow)

(deg) |(a) (a) (b) (c)

2.9 (0.73| 0.812 0.03%1 2.,0298 0.582 0.030

29.9 .95 .8&7 .o§5 .0226 | .820 .017

?5.3 1.1g 845 .0 Z 016l | .83L 011

0.1 1.3 .8L0 .09 .0125 | .830 .010

Lii.9 j1.03 .835 L1321 . 0099 .82l 011

50, 1.91 .826 170 .0089 .81 009

55.Z 2.50 .808 227 . 0080 .79 010

60.5 |2.77 779 .293 . 0079 LT3 .006

S¥igure 1, reference 1.
bFigure 13, reference 1.
Crigure 17, reference 1.

NATIONAL ADVISORY
CONMITTEE FOR AERONAUTICS




TABLE I1
EFFICIENCY LOSS AT PEAK EFFISTENCY DUE TO INTERNAL PLOW

[}N - 0.00903 sq £&; D = 12.208; x = 0.95; € = 0. 75 ( assumedil

B J 0 Cp Mg £ -A7 7 -7
at (tips open,|(tips oven, (nropel-| Py (comouted| (oropel- (measured)
i2~-inch no flow) no flow) |ler with|(from from |ler with
radius internal| fig. 3)| equation|internal
flow) (20)) | flow)
(deg) | (2) (a) (b) (¢} (a)
2k.9 10.730 0.78L 0.0315 1.92% |1.061 0.0y | 0.779 0.005
29.9 .920 .822 .o%éo 1.9h9 1.061 .011 801 021
.3 11,140 .336 ,0680 1.996 |1.061 .008 .821 .015
0.1 |1.350 .832 .0952 2,048 |[1.061 .006 .823 .009
Ll.9 {1.650 .826 .1220 2.140 |1.061 .00 .818 .008
50.2 1.800 822 i . 1883 2.29L 150%7 .ooLr .815 .007
5. 2,300 LT97 .23%05 2.507 1.0k .00l T .002
0.5 |2. %00 787 . 3065 2.689 1.035 .00l .732 .002

8pigure Z, reference 1.
bFigure 16, reference l.
Cpigure 27, reference 1.
dFigure 2%, reference 1.
NATTONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE ITI
EFFICTERCY LOSS AT PEAR EFFICIENCY DUE TO COMBIRKED
EFFECT OF NOZZLE DRAG AND TNTERMAL FLOW

[}N 0.0090% sq ft; D = 12.208; = = 0.95;

Cp. = 1.28 (assumed) € = 0.75 (assmned)]
K
E’ Jd T CP mG i -AT] n —Ay]
at (normal {{normal|{propel-| Py |{computed |(propel- [{measured)
L2-1inch propel- [propel-|ler with |(from |from equa-|ler with
radius ler) ler) |internal |fig E).ltion (21))|internal|
flow) flow)
(deg) | (=) (a) (b) (¢} (d)
2.9 |[92.73; 0.812 | 2.031 1.923 | 1.061 O-Ohﬁ 0.77 0.03%
29.9 .95 82 .oés 1 951 | 1.061 .03 .gg .039
5.3 1.13 ehs 0 Z 1.998 | 1.061 0211 .820 .025
10,1 1.3 .8Lo .09 2.05 1.061 .019 .820 .020
, 1.63 855 131 2.13% 1.061 015 .820 .01
50. 1.91] .826 .170 2.332 | 1.047 .01% .812 .013
25.& 2.30{ .B808 227 2. 507 1. oug .012 .779 .009
0.5 [2.77] -7719 .29% 2.760 | 1.0% .012 172 .007
8 gure 1, reference 1.
igure 13, referencs 1.
cFlguI‘e 27, reference 1. NATIONAL ADVISORY
Figure 23, reference 1. CO¥XITTEE FOR AERONAUTICS
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¥uJA TN No, 1112 L5

TABLE IV
COMPUTATION OF INTERNAL PEESSURE LOSS

B
at Propel- 6 AP Py |Fominal
L2-inch| 1ler J m, — = a
: P
radius| sveed Oy
(deg) (rom) (°F abs.) (deg)

Constant propeller sveed (reference 1, flgs. 27 and 28)

29.9 150 | 0.70L) 1.827 | 55L 1.h710.932 7 5.01
29.9 1452 1 1.23211.917 | 549 1.43] .926 | -3.86
35.3 1150 1.365 1.861 | 537 1.49] .927 | 3%.98
3543 150 | 1.h9k}1.990 | 537 1.39}1 .922 | -2.93
2lL.9 120§ .562[1.923 | 53 1.27 .93% 2.62
2.9 1210 | 1.000{1.351 | 53 1.331 .9 -5.25
29.9 1240 | .695|1.939 | 55l 1.27 .92% 5.17
29.9 1240 }1.219]1.992 | 55% 1.341 .9 ~3.95
35.3 12,0 .78811.956 | 545 1.251 .951 | 8. E
5.3 12h0 [ 1.482]2.067 | 540 1.30| .91l | =2.7
ao.l 1240 | 1.236)2.223 | 526 1.281 .946 | 5.9
Lo.1 12,0 {1.732|2.162 | 527 1.271 .937 | =2.3
hhi.o 12,0 | 1.669)2.145 | 543 1.25) 941} L.05
Lli.9 12510 | 2.108{2.292 | 5§42 1.21| .933 | =1.97
50.3 1000 | 1.79%({2.28 532 1.13 | .960 | 7.67
50.3 1000 2.365 2.57 527 1.10 | .948 | =2.02
55.04 1000 | 2.[07 2.gu9 5%3% 1.06 .9Zu .87
55.0. 1009 {3.093{2.850 | 531 1.02 4 .9L3 | =2.27
60.5 800 | 2.590[2.689 | 537 1.03{ .970 | 7.91
60.5 I €00 | 3.795({%.267 531 .99 | .955 | =-2.97
Constant J, variable sroveller speed (reference 1, fig.29)
2.9 00 {0.711{1.8 6 1.40 10.9 -0.12
23.6 00 .g%g %.122 ggz 1,12 .qgg .22
?g.g 1500 1.25 1.915 % 1. g 917 -._3
fo 1300 {1.657(2.10% | 527 1.29].933 | -.§
Lio.1 1100 {1.63%38(2.167 | 530 1.25| .951 | -.%0
R A e R A
23° 3 500 2Iuhz 22222 ;23 1f§% I9§§ -122
Q. 00 {2.h2112.56 1.13} .9 - g
go.g 00 2.§ﬁ8 z.gu% é%g 1.1 .95% -.%
. 00 |2.4950.12.8% 1.13 .9 -1.L
2%.@ 1000 | 2.95L(2.77 522 1.05 | .a947 -1.%2
S| i g Y
éoig Q0 2:%1ﬁ 311 2&2 1:58] 1472 | Z:89




RS NACA T¥: Vo, 1112
TABLE IV - Concluded . ..
COMPUTATION OF INTERNAL PEESSURE LOSS - Concluded
8. v t
at m L. v
L2<inch -° Ape N | Nominal
radius ; J _ 3 dy p @
(deg) |(£t/sec) (OF abs; ) (deg)
Propeller feathered, propeller speed =0
(reference 1, fig. 30)
§§.7 131.7 [ 0.7h3 | -nenm 535" " 10.816[1.000] -12.9
28,7 297.9 . 708 == e 53 .gé .993| ~12.9
8.7 57L.8 | . 708|~~-=- 51 .59 9761 -12.9

NATIONAL ADVISORY
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NACA TN No. 1112 - Fig. 1

«—TIP NOZZLE

HOLLOW STEEL BLADE

.050 DIAM, STEEL TUBE
ROTATING IN

-SOFT  RUBBER

ROTATING

OUTSIDE AIR

PRESSURE, p,
TOTAL PRESSURE, B,

I

STATIC-PRESSURE TUBE STATIONARY
(%)

. I'Ap-PafPo oo e e
MANOMETER NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
FIGURE |,~ PATH OF INTERNAL FLOW THROUGH THE PROPELLER AND THE INTERNAL~ MASS-FLOW METER.



Fig. 2 : - ' NACA TN No. 1112
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Figure 2.- A diagram of velocities and rorces
associated with rhe nozzle drag.
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Figure 3 .~ FPropeller efficiency /oss af peak efficiency aue o drag
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Figure 4 .- A c//a;mm oF the velocities and
forces assoc/ated with rhe _jel
propulsion due fo rflow [from rhe
nozzl/e. '
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Figure 6.- Fropeller efficiency /oss af peak efficiency due fo combined
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Dynamic pressure ratio, 7/00

Figure 7.~ Varialion of dynamic pressure rafio with impacl pressure ratio.

/mpact pressure ratio, 4//Pa

.~
yi pd
24 / -
20 /
/6 pd
e
//
. By
T
08 //
A
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
0 —
0 04 08 J2 /6 .20 24 ' .28 .32

*ON NI VOVN

SIIT

DBTJ




/4 ' . - ]/é ;
/3 _ | - ; A@Qq%ﬁ/

v
| /2 1 "’//
A
;_12- // S . o o 2 J///
QN g /% fz
/.0 , & — : /r 2
and  g4— | R a0
e, .8
’(3" o Average valtes of A_{- from resfs al' constanl rofaiional spesd
7 » _
o /ndividual values of ﬁ‘é’g from jests at constanl advance rafjo
6 7Y
© Densily ratio applicable fo dafe of reference /
‘6_ 1 ¥ 1
_ I'IATIOHALr ADVISORY
4 | COMMITTEE FOR AERONAUTICS
1
o 200 <00 600 &00 - 000 - L8200 /09 /600

Rotalional speed, rpm

Figure 8.- Variation of infernal pressure /oss and densily rat/o
wilh rotalional speed.

g8 314

*ON NL VOVN

eTTT




